A strong dependence of the electrical resistance of Te + implanted (100) silicon was established on annealing by high-frequency (0.45 MHz) electromagnetic field for 30 and 60 minutes. The implantation was performed at 50 keV and fluence of 1 10 17 cm -2 . Crosssectional high-resolution transmission electron microscopy of the 30 minutes treated samples shows a planar network of amorphous nanoclusters embedded in the amorphous silicon layer created by the implantation. As a result of a 60 minutes high-frequency electromagnetic field treatment, the nanoclusters formation dynamics changes and larger individual nanoclusters separated by highly resistive areas of amorphous silicon are formed. Crystallization of some of the nanoclusters is also observed. The structural changes are correlated with the corresponding electrical resistance measured by alternative current impedance spectroscopy at frequencies of 1 Hz up to 100 KHz. After 30 minutes treatment, the sample electrical resistance dropped by about four orders of magnitude as compared to the as-implanted sample. The situation after 60 minutes treatment is totally different: the sample resistance increased by about seven orders of magnitude in the low-frequencies range, as compared to the as-implanted sample. In the high-frequencies range the increase is about three orders of magnitude.
Introduction
Ion beam synthesis of NCs in silicon and SiO 2 is of great interest because of potential application in microelectronics and optoelectronics/photonics and has been intensively investigated over the last twenty years. Only a very small number of publications concerning Te NCs in Si are available up to now. In this context, the investigation of ion beam synthesis of elemental Te NCs, Te silicide NCs in Si is of interest.
It is known [1] [2] [3] that ion implantation of low-solubility elements with concentration exceeding their solubility limit in silicon may lead to nucleation and growth of nanoinclusions embedded in the implanted layer. In general, at sufficiently large ion fluences, nanoclusters (NCs) evolve by precipitation from depth-and time-dependent supersaturated solid solutions of impurity atoms. Depending on the mobility and solubility of the impurity atoms, precipitation occurs either during the implantation itself or during a subsequent annealing stage. The first impurity atoms formed in the lattice immediately after ion implantation is started can be found as dissolved monomers with a temperature-dependent mobility. The concentration of monomers, C, increases linearly with the time until the supersaturation limit. As C increases further and exceeds the solubility threshold, small agglomerations of impurity atoms (i.e. dimers, trimers) start to form. Some of these agglomerates grow by statistical fluctuations forming stable precipitates beyond the critical radius R c . These stable agglomerates act later as sinks for further diffusing monomers. This is the stage of nucleation. In the stage of growth, no additional NCs are formed and the existing ones grow by attachments of newly implanted impurity atoms or by competitive ripening. This process was followed in its entirety in our previous work on Te + implantation in silicon [4] . At higher impurity concentrations, phase separation can take place by spinodal decomposition [5] . Cahn [6] developed the phenomenological theory of spinodal decomposition in clustering reactions. The system is within the spinodal when preference for the like species is so large that in a gradient the flux of the individuals is in the direction in which they are attracted, i.e. up the concentration gradient (uphill diffusion). This kind of diffusion leads to spontaneous separation into two "phases". The individuals in the gradient move towards the clusters of their species and cause its concentration to increase, leaving a depleted zone around it [7] . On the basis of spinodal decomposition we discussed the microstructure and electrical properties of Te + implanted silicon annealed by a high-frequency electromagnetic field (HFEMF) for 30 minutes [8, 9] .
In this paper our previous results are extended by the results obtained for a specimen annealed at 60 minutes HFEMF. The dependence of the dynamics of clusterisation on the time duration of HFEMF processing is followed by means of high-resolution cross sectional transmission electron microscopy (HR-XTEM). Alternative current (AC) impedance spectroscopy measurements were performed to establish the correlation between the structure and electrophysical properties of the newly developed nanomaterial under the influence of HFEMF. The AC electrical conductivity measurements were carried out by a Stanford Research Systems SR830 DSP lock-in voltmeter at frequencies in the range from 1Hz to 100 kHz.
Experimental details

Results and discussions
The HR-XTEM results for the as-implanted sample are illustrated in figure 1 . The lattice image shows that a continuous a-Si layer with a thickness of about 45 nm is formed at the surface during implantation. The phase contrast of the image does not visualize Te precipitation. However, our earlier investigation [4] suggest that the process of Te precipitation (the formation of dimers, trimers etc.) starts at an implantation fluence of 1 10 cm .
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Post implantation treatment with HFEMF for 30 minutes (see figure 2 ) results in the formation of tellurium containing amorphous NCs. They are laterally connected in a planar network forming a percolated system. The effect of percolation in the Te+/Si leads to a dramatic, nearly four orders of magnitude, decrease of the resistivity [8] . Figure 2 shows clearly diffusion of NCs towards the specimen surface where, due to the high implantation fluence and sputtering, the maximum of Te ions is located. This corresponds to uphill diffusion. Moreover, a zone depleted of NCs is formed at the a-Si/c-Si interface. All these characteristics of phase separation could be explained in the framework of the spinodal decomposition concept. A similar planar network structure was simulated by Mueller et al [5] for Si NCs at ion beam synthesis in thin SiO 2 films. Increasing the HFEMF annealing time up to 60 minutes leads to a drastic change of the dynamics of NCs formation. The planar network of NCs evolves towards larger individual nanoclusters (see for example NC1, NC2, NC3 in figure 3 ). The HR-XTEM results provide evidence that large nanoclusters grow by way of condensation of material diffused across their surface from smaller dissolving nanoclusters. We interpret this stage of cluster growth in the context of the Ostwald ripening mechanism [10] . Only in the case of HFEMF application for 60 minutes, crystallization of the NCs starts, as can be seen in figure 3. These newly formed different crystalline phases of Te (NC1, NC2) and SiTe 2 (NC3) in figure 3 were identified in [11] .
We correlated the structural changes resulting from the 30 and 60 minutes HFEMF treatment with the electrical resistance behaviour of the corresponding specimen by using complex impedance spectroscopy, which is a non-destructive testing method for analyzing the electrical response occurring in the sample investigated by supplying a small AC signal as an input perturbation. Frequency-dependence curves of the real part of the impedance Z x versus the frequency f for the asimplanted sample and the two HFEMF annealed samples are shown in figure 4 . A well expressed influence of the annealing process on the electrical transport properties of tellurium implanted samples was observed. The electrical resistance of the sample annealed for 30 minutes decreases by four orders of magnitude, while annealing by 60 minutes HFEMF leads to a drastic increase (more than seven orders of magnitude in low frequency and three orders of magnitude in the higher frequency range) compared to the initial resistance of the as-implanted sample. Another important property of the 60 minutes treated sample is the strong frequency dependence of the resistance in the low frequency region up to ∼ 1 kHz. The appearance is seen of steps (constant resistance at some frequency "windows") or of local resistance minima in the range up to f ∼ 100 Hz. The resistance behaviour could be understood by the structural analysis discussed above, namely, the strong decrease (four orders of magnitude) of the resistance is due to the formation of planar metallic percolation network [8] . The very high resistivity of the material produced after 60 minutes treatment could be related to the separation of the enlarged NCs by highly amorphous Si regions and the potential barriers formed at the different types of interfaces created, as observed by HR-XTEM imaging: between amorphous NC and amorphous Si matrix; between crystalline Te NC and amorphous Si matrix; between crystalline NC and amorphous Si matrix; between crystalline Te NC and crystalline Te NC; between crystalline Te NC and crystalline SiTe 2 NC, etc. (see figure 3) . The potential barriers formed at the various interfaces could be the reason for the observed minima of the AC resistance up to frequencies of 100 Hz.
Conclusion
On the basis of HR-XTEM results, an explanation is given of the electrophysical behaviour of the nanocomposite material developed and treated by 30 and 60 minutes HFEMF. The lower electrical resistance of 30 minutes treated samples is connected with the formation of a planar metallic percolation network. The drastic increase in the electrical resistance for the 60 minutes treated sample is explained by the separation of nanoclusters within highly resistive amorphous Si regions and by the existence of potential barriers at the various types of interfaces created.
